The investigations carried out in this study using innovative high strength filler materials with specifically lowered M s /M f -temperatures have demonstrated that different transformation temperatures may significantly affect the welding residual stresses. For this kind of filler materials for the first time high energy synchrotron radiation was applied in order to characterise the effect of lowered martensite start temperatures on the welding residual stresses in-situ by means of energy dispersive diffraction. This way likewise the phase transformation temperatures could be determined. Using synchrotron white beam diffraction the phase-specific residual stresses in the martensitic and the austenitic phase were analysed within the same experiment. Low transformation temperature welding material with varying nickel content between 8 % and 12 % was investigated in this study. Butt welds using the high strength base material S690 applying manual metal arc welding were produced in two passes. Residual stress analysis was carried out in longitudinal as well as transverse direction to the weld line. The results clearly indicate that the residual stress distributions show in general a decrease in magnitude caused by phase transformation of the weld metal. Particularly in the transition region from the weld metal to the heat affected zone relatively high compressive residual stresses up to -350 MPa were determined in the martensitic phase. The stress magnitude and distribution in the austenitic phase is strongly influenced by the nickel content and the amount of associated retained austenite.
INTRODUCTION
Safety of welded high strength steel structures demands for the precise knowledge of the welding residual stress distributions, which profoundly influence the crack resistance and the service load. The fact that the filler material, apart from constructional design and purposeful heat control, may contribute significantly to residual stress reduction with regard to the development of high strength filler material with correspondingly lowered martensitic transformation temperature (Low Transformation Temperature (LTT) filler material) is reflected e.g. in [1] - [4] . First investigations into the effect of this filler material on the welding residual stresses were recently carried * formerly at Hahn-Meitner-Institute Berlin out by [5] - [9] . However, no precise quantifications of residual stress distributions in welded butt joints are available up to the present. The use of high strength filler materials with correspondingly lowered martensitic transformation temperature may finally have positive effects also on the cold cracking resistance, as for example with the help of M f -temperatures below room temperature with respective proportions of retained austenite.
EXPERIMENTAL MATERIAL
Investigations in this work focused on three selected LTT filler metals with variation of the nickel content between 8 % and 12 %. Table 1 shows the nominal composition of LTT filler material and their M s -temperatures calculated according to [10] . With respect to the intended application for high strength joints, the high strength fine grained structural steel S690Q was used as base material. 
WELDING PARAMETERS
Specimens for residual stress analysis were welded using the parameters shown in Table 2 . After finishing the root run, this run was cooled down to room temperature in order to assure complete transformation into martensite. Subsequently, the final run was welded and cooled down under the same conditions. The welds were produced according to Fig. 1 
IN-SITU PHASE ANALYSIS
The energy dispersive synchrotron diffraction experiments were carried out at the materials science beamline EDDI of the Hahn-Meitner-Institute (HMI) at BESSY, Berlin (Germany) [11] .
Here a white beam with usable photon energies in the range between 20 and 150 keV is provided by a 7T-multipole-wiggler. Further details about the experiment layout can be found in [11] . By energy dispersive diffraction always diffraction spectra showing diffracted intensities vs. the available energy range are recorded within one experiment under a fixed diffraction angle, allowing for simultaneous determination of stress and phase composition information for all crystalline phases of a material contributing to the diffraction spectra. In the present study heat cycles were realised in a first step by means of a carbon domed heating stage type DHS 1100 (Anton Paar) using Nitrogen as shielding gas. The heating stage is optimised for the integration in conventional diffractometer systems, whereas the thin-walled carbon dome is almost completely transmissible by the high energy synchrotron radiation. Diffraction analyses were carried out in-situ using a discrete time stepping of 5 s to record the diffraction spectra. The experiment allows for the determination of the martensite start temperature during the cooling cycle for penny shape specimens with a diameter of 10 mm and a thickness of 0.3 mm. The samples were prepared from weld metal produced by multi-layer welding. The thermal cycles applied for heating and cooling are summarised in Table 3 . Table 4 shows the parameters used for synchrotron analysis. Neglecting the beam divergence and attenuation due to the absorption of the irradiated material the measuring volume can be determined to approximately 0.144 mm³. In addition, thermal analysis was carried out for all investigated LTT materials using the SS-DTA technique [12] . The in-situ diffraction studies have to be understood as feasibility studies for in-situ diffraction analysis during real welding using the innovative LTT-filler materials investigated here, since applied heating and cooling cycles are slower compared to weld regions. 
RESIDUAL STRESS ANALYSIS
Residual stress analysis of the weld coupons was carried out for the ferritic (martensitic) as well as for the austenitic phase, which coexists in the weld zone next to the martensitic phase. Measuring parameters are shown in Table 5 . Neglecting again the beam divergence and attenuation due to the absorption of the irradiated material the measuring volume can be determined to approximately 0.062 mm³. Fig. 3 illustrates the measuring range and the measuring directions schematically. The well known sin²ψ -method for X-ray stress analysis [13] was used for determination of residual stresses in longitudinal as well as transverse direction to the weld line. 
RESULTS AND DISCUSSION IN-SITU PHASE ANALYSIS
Considering the diffraction patterns during cooling of LTT materials, it is remarkable that retransformation into martensite starts at different temperatures for respective diffraction lines as indicated by the 2D-density-plots in Fig. 4 . It is obvious that martensite diffraction lines at lower energies, i.e. the 110α diffraction line at a photon energy of 58 keV, appear earlier than corresponding diffraction lines occurring at higher photon energies. An explanation for that phenomenon could be the effect of a small temperature gradient that might occur within the 0.3 mm thick samples which are heated from the bottom side by means of a resistance wire. Diffraction lines occurring at lower photon energies represent surface near penetration depths, whereas diffraction lines occurring at higher photon energies more likely represent the material volume for higher distances to the surface. Due to the slight temperature gradient martensite transformation obviously starts earlier compared to core regions. When transformation continues, further diffraction lines arise at higher photon energies. At a distinct temperature, no further qualitative change in the diffraction spectra can be observed during cooling down to ambient temperature apart from the shifts of the individual diffraction lines. The phase transformation obviously decays at ambient temperature with some amount of retained austenite, indicated by austenite diffraction lines. 
RESIDUAL STRESS ANALYSIS
The residual stresses determined in the following for each case represent phase specific stresses which are the sum of I. order stresses (so called "macrostresses") and the mean values of the homogeneous microstresses of II. order according to From stress analysis by means of energy dispersive diffraction the diffraction lines can be assigned to different information depth. I principal residual stress depth distribution can be determined that way (see e.g. [11] ). For the stress analysis of the welded joints only robust average values of the residual stress measures will be presented here. The average stresses for the individual phases are calculated taken into account all measured interference lines of the corresponding phase whilst the residual stress values determined for each {hkl}-lattice plane family are weighted by their multiplicity factor. Since the diffraction information for diffraction lines occurring at higher photon energies stem from depths of up to about 150 µm, a plane stress condition cannot be assumed furthermore. The phase specific residual stresses specified in the following always represent the difference between the surface parallel stress components σ i 11 or σ i 22 and the apparent normal stress component σ i 33 , whereas i is assigned to the phase α -martensite or γ -austenite (average values from all measured interference lines of the corresponding phase). The σ 33 stress components can be assumed to be small in case of the present weld geometry. The assessment of potential stress gradients is possible by evaluation of different diffraction lines attributed to different penetration depths (see Genzel et al. [11] ). In the following diagrams the phase specific residual stresses of the martensitic and the austenitic phase across the weld are represented for the three investigated LTT welding materials. For visualisation of the results the reasonable assumption was made that the stress distributions are symmetric with respect to the weld centre, hence the residual stress distributions are complemented by mirroring at the centre although measurements were carried out only on one side of the weld. In longitudinal direction, the martensitic phase (Fig. 6 ) of all three welding materials shows a distribution as is typical for transformation-affected welds. Therefore, transformation-associated compressive residual stresses were found at a distance of 3 mm from the weld centre, which change into low tensile residual stresses at the weld centre that can be assigned to quenching effects. The quenching occurred between the surface and the core regions with an obvious temporally delayed shift of the transformation. This shift might give rise to the development of tensile residual stresses within the surface as compensation for compressive residual stresses being developed in the core. In transverse direction, this phenomenon is even more pronounced, as illustrated by the distributions presented in Fig. 7 . The residual stresses of the martensitic phase are levelled more pronounced in transverse direction to the weld than in welding direction in particular in the transition area to the HAZ. In principle, the residual stress distributions in the martensitic phase are qualitatively similar with respect to the chemical composition and, thus, of the M s -temperature. Differences arise particularly in transverse direction at the height of the compressive residual stresses at the boundary to the HAZ and at the tensile residual stress maximum in the weld centre. Here the peak value occurs as expected for the LTT-filler material with 8 % Ni showing the highest M s -temperature. Finally it can be summarised that for the LTT-filler materials investigated here the residual stress values are lowered remarkably by the phase transformation as stated in literature [1] - [4] . Furthermore considerable amounts of compressive residual stresses are induced during welding. However, these effects are not homogenous across the weld. Compressive residual stresses are merely observed in the weld boundary regions rather than in the weld centre. On the other hand the austenitic phase shows more strongly deviating residual stress distributions (Fig. 8-Fig. 9 ). Whilst a LTT weld with 10 % Ni exhibits a nearly homogeneous compressive residual stress distribution, welds with 8 % and 12 % Ni, respectively, show more drastically varying residual stress distributions as indicated by the strongly scattering residual stress data in Fig. 8 . In contrast to the martensitic phase, this effect is more pronounced in longitudinal direction. The lower the M s -temperature and the higher the associated contents of residual austenite, the higher the compressive residual stresses are in longitudinal as well as in transverse direction. However, in order to confirm this statement quantitative analysis of the corresponding amount of retained austenite will be carried out in forthcoming investigations. After due consideration it appears apparent that the effect of the phase transformation is more pronounced for the austenitic phase at lower transformation temperature. This results furthermore in an increase of the content of retained austenite within the weld. Thus, with increasing nickel content the transformation-specific compressive residual stresses develop more evidently in the austenitic phase of the weld. However, all three LTT weld materials examined here appear to be suitable for generating beneficial compressive residual stresses in the weld. But, an intended utilisation of this finding for purposes of fatigue resistance improvement or cold cracking avoidance finally depends on the availability of local mechanical properties from the weld. This issue should be one focus of future studies on the applicability of LTT-filler materials. Specifically with a view to cold cracking, existing residual austenite contents as well as transformation temperature linked processes of hydrogen diffusion represent a complex interaction which needs to be clarified before this material may be permitted to be applied in high strength steel welding.
CONCLUSIONS
For the first time, residual stress distributions in Low Transformation Temperature (LTT) welding material could be assessed by means of energy dispersive diffraction using high energy synchrotron radiation. Additional diffraction studies for the determination of M s -temperatures during a thermal cycle by means of a heating stage and by using heating and cooling rates of 500 K/min were successfully conducted as feasibility studies for in-situ diffraction analysis during real welding. By application of energy dispersive diffraction using high energy synchrotron radiation robust phase-specific residual stresses of the involved martensitic and austenitic phase can be analysed successfully taking into account a multitude of {hkl}-reflections of both phases. In relation to the chemical compositions and the respective M s -temperatures of the LTT fillers, characteristic residual stress distributions occur especially in the martensitic phase of the welds showing typical criteria of phase transformation influence. This applies longitudinal as well as transverse to the welding direction. The residual stress distribution in the martensitic phase is qualitatively equal for different nickel contents, but stress peak values vary considerably. The highest compressive residual stresses of up to -350 MPa were found at the boundary of the weld to the HAZ. At the same time, tensile residual stresses of about 300 MPa are induced at the weld centre. The residual stress distribution in the austenitic phase is strongly influenced by the M stemperature and by its content. At lower M s -temperature, the residual stress values of this phase show higher amounts of compressive residual stresses up to about -300 MPa in longitudinal as well as transverse direction. Finally it can be maintained that the LTT materials investigated here are qualified for creating compressive residual stresses in the weld and in the HAZ by using the effect of martensite transformation at low temperatures. For evaluation of the residual stress state of LTT welds the coexisting martensitic and austenitic phases have to be taken into account. The macro residual stress state may also be influenced by the relative content of the two phases.
